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Secondary dispersalIn many Central European countries Fraxinus pennsylvanica is an invasive species that spreads rapidly in
ﬂoodplain forests. The aim of this study was to analyse anemochorous and hydrochorous dispersal dis-
tances and to compare the ﬁndings with dispersal data for the native Fraxinus excelsior. A simulation
revealed that wind dispersal distances are similar for both species, reaching to 120–250 m. By contrast,
the mean ﬂoating time (50% ﬂoating samaras) measured in an experiment was 2 days in the case of F.
pennsylvanica and 0.5 days for F. excelsior. This high ﬂoating ability facilitates water dispersal over several
kilometres in both species, but for the invasive species the modelled mean dispersal distance was 3.7
times higher. A germination test of F. pennsylvanica seeds revealed that the rate, onset and speed of ger-
mination increase with the duration of the inundation. After a maximum storage time in water of about
15 days the germination rate amounts to 78%, which was higher than the germination rate of seeds with-
out storage in water (53%). We also found that regeneration was enhanced in ﬂooded areas. Hydrochory,
therefore, may be viewed as an important factor explaining the successful invasion of F. pennsylvanica in
ﬂoodplain forests in Central Europe.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The dispersal of samaras by the vector wind is generally as-
sumed to be the most important means of dispersal for Fraxinus
species as they are morphologically well adapted to wind transport
(low weight, samara) (Tackenberg et al., 2003; Hintze et al., 2013).
Many Fraxinus species, for example, Fraxinus pennsylvanica and
Fraxinus excelsior, grow in ﬂoodplain forests where water may also
be an important vector for long distance dispersal given the peri-
odic occurrence of ﬂoods (Merritt andWohl, 2002). Stands on these
sites are separated by great distances and may be connected by riv-
er corridors. Middleton (2000) noted that the fruits of most woody
species occurring in ﬂoodplain forests are dispersed primarily by
water, i.e., hydrochory. Hydrochory is especially important for
diversity in ﬂoodplain forests (Katenhusen, 2001).
The importance of hydrochory often appears to be high for the
dispersal of non-native plant species. Rivers and stream ecosys-
tems frequently possess more non-native species than the sur-
rounding landscape, because of a higher diaspore input broughtabout by water transport and disturbances caused by water
dynamics and ﬂoods (Pyšek and Prach, 1993). Water can also be
an important secondary dispersal pathway for F. pennsylvanica.
In European ﬂoodplain forests F. pennsylvanica is an invasive tree
species (Schmiedel, 2010). Its establishment in natural stands
leads to the creation of a new biotope type in naturally open
areas of ﬂoodplain forests. In order to understand the invasion
process, it is necessary to obtain information about the dispersal
pathways and to compare the dispersal strategy of the species
with that of a closely related native tree such as F. excelsior. In
studying long distance dispersal and plant invasions, less obvious
pathways must also be considered (Nathan, 2006; Cain et al.,
2000). Especially in Fraxinus, a comparison between wind and
water dispersal seems necessary. Seed transport by water may
be an explanatory factor in the contrasting invasion speeds of dif-
ferent tree species. Thébaud and Debussche (1991), for instance,
proved that the rapid spread of Fraxinus ornus was due to
hydrochory.
First indication about hydrochory in F. pennsylvanica and
F. excelsior was found by Schneider and Sharitz (1988) and Marigo
et al. (2000). One of the factors inﬂuencing successful dispersal by
water that has been widely tested and discussed is seed buoyancy
(Schneider and Sharitz, 1988; Danvind and Nilsson, 1997;
Boedeltje et al., 2004; Vogt et al., 2004). Buoyancy is an indicator
of the potential of a species to be dispersed by water (Knevel
et al., 2005).
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successful establishment. The presence or absence of a species
depends not only on the availability of seeds but also on the fre-
quency of ‘safe sites’ (Harper, 1977). Safe sites are species-speciﬁc
and have ecosystem-speciﬁc risks for germination. On ﬂoodplain
forest sites the main risks are ﬂood (Kolka et al., 1998; Küßner,
2003) and disturbances such as sedimentation and animal activ-
ity. Middleton (2000) emphasised that woody species can only
germinate in ﬂoodplain forests during the absence of ﬂood and
that seedlings mostly die when ﬂooding occurs during the grow-
ing period. Water is not only a transportation medium but also
inﬂuences the germination rate of seeds (Baskin and Baskin,
2001). In the event of ﬂooding, water can also have a negative im-
pact on the viability of the seeds (anaerobic milieu and mechan-
ical stress).
The following questions were posed as part of an investigation
of the possibility of the dispersal of F. pennsylvanica samaras by
means of water and the chances of establishment following hyd-
rochory: Is hydrochory an important dispersal factor for the spread
of F. pennsylvanica in ﬂoodplain forests in Central Europe? How far
can samaras ﬂoat and ﬂy? Of what importance is dispersal by
water in comparison to dispersal by wind for this species? Are
the seeds tolerant of ﬂoods? Is the germination rate inﬂuenced
negatively by ﬂooding?
2. Materials and methods
2.1. Study species
F. pennsylvanica is widely distributed in the United States and
Canada. Its native range extends from Nova Scotia westwards to
south-eastern Alberta and southwards through central Montana
to south-eastern Texas, Florida and the east coast (Kennedy,
1990). F. pennsylvanica is a dioecious tree of 30–40 m in height.
The leaves are pinnately compound and 20–30 cm long with 5–9
leaﬂets. The samaras are 30–55 mm long, 5–8 mm wide and weigh
49.3 mg (standard deviation (SD) 11.7) (Schmiedel, 2010). In its na-
tive range, F. pennsylvanica can produce fruits every year (Williams
and Hanks, 1976), with a mast every 3–5 years (Prasad et al., 2007).
F. pennsylvanica was introduced to Europe and Germany in the
18th century (Willdenow, 1796), where it was used as an orna-
mental tree and planted in ﬂoodplain forests. The species occurs
as an invasive alien tree species regionally, arising in ﬂoodplain
forests and near waterways (Schmiedel, 2010; Kremer and Cˇavl-
ovic´, 2005; Pyšek et al., 2002).
The native range of F. excelsior in Europe extends from north-
east Spain to western Russia and from southern Norway and Swe-
den to Italy and Greece. The tree species grows on shallow and dry,
calcareous sites as well as on ﬂoodplain sites (Roloff and Pietzarka,
1997). F. excelsior can reach heights of 40 m and is a trioecious spe-
cies. Samaras are produced yearly and are 25–50 mm long and
7–11 mm wide (Scheller, 1977). Both ash species have wide eco-
logical amplitudes and can grow on extreme sites.
2.2. Buoyancy experiments
In order to test the ﬂoating capacity of samaras of F. pennsylva-
nica in comparison with those of the native F. excelsior, a test of
buoyancy was run in a laboratory experiment applying the method
described by Knevel et al. (2005). The experiment consisted of 400
samaras per species. The samaras selected met the criterion ‘exter-
nally intact and full.’ The F. pennsylvanica samaras originated from
different trees growing in a ﬂoodplain forest along the River Elbe
near Dessau in central Germany (Sachsen-Anhalt). The samaras
were collected in autumn 2006 and stored dry at 5–8 C until the
time of the experiment (January 2007). The F. excelsior samarasoriginated from different trees growing in forest seed stands in
Sachsen. The samaras of both species were put in 16 glass beakers
(10 cm width, 12 cm height, 600 ml volume) and ﬁlled with about
300 ml distilled water (Horsch, 2001; van den Broek et al., 2005),
corresponding to eight replications with 50 samaras per species.
The beakers were placed on a ﬂaskshaker, which moved gently at
a frequency of 100 /min and at an amplitude of about 1 cm. The
water movement prevented the adherence of the samaras to the
glass beakers. The proportion of samaras ﬂoating per tree species
was captured at progressive time intervals (after 5 min, after 1,
2, 4, 6, 9, 24 and 72 h and after 1 week). The experiment ended
after 1 week, when nearly all of the samaras had sunk to the bot-
tom of the beakers. The data were analysed in Origin 8G (OriginLab
Corporation, USA). The dependence of buoyancy on time was de-
scribed using the v2 minimisation ﬁtting routine. For the ﬁtting
routine, 200 iterations were performed. The best ﬁtting model
was selected by evaluating the goodness-of-ﬁt criteria (R2 and
v2/df values). R2 is the adjusted coefﬁcient of determination and
v2/df represents the magnitude of scattering (v2) of observed data
and a theoretical curve normalised by a degree of freedom (df). The
time-dependent buoyancy (number of samaras y(x)) was described
using a four-parameter logistic growth function (dose–response
function):
yðxÞ ¼ A2 þ A1  A21þ ð xx0Þ
p ð1Þ
Parameter A1 describes the minimum value of the asymptote, A2 the
ﬁnal value and the parameter p indicates the power of the function.
x0 is the inﬂexion point of the function and corresponds to the spe-
cies-speciﬁc half-value period when 50% of the samaras have sunk.
Accordingly, results were obtained for the two most important
parameters: the maximum ﬂoating time and the proportion of
seeds ﬂoating for a certain time period.
2.3. Wind dispersal kernels
The data for the wind dispersal distances of both ash species de-
rived from simulations using the programme PAPPUS (Tackenberg,
2003), which is a process-based seed dispersal model. In the model
the plant species are characterised by the terminal velocity of their
diaspores (Vterm: F. excelsior = 1.58 m/s; F. pennsylvanica = 1.62 m/s)
and the height of the infructescence, the ‘release height’ (Hrel: F.
excelsior = 25 m; F. pennsylvanica = 20 m). The wind-vector and tur-
bulence data were measured over a period of 1 year for a low-cut
grassland situated within a ﬂat landscape in central Europe (Tac-
kenberg et al., 2003). The wind kernels were ﬁrst computed for a
limited number of combinations of Vterm and Hrel, and the species’
kernels were subsequently drawn from these data by means of
bilinear interpolation according to the mean terminal velocity
and release height. The simulation provided 10,000 distances for
each ash species (Hintze et al., 2013).
2.4. Germination after storage in water
To answer the question of whether the germination rate is
inﬂuenced negatively by ﬂooding, the germination rate of samaras
after storage in water was tested. For this experiment, samaras of
different F. pennsylvanica trees from a stand situated in a ﬂoodplain
forest along the River Elbe near Dessau in Sachsen-Anhalt were
again used. The samaras were collected in autumn 2006 and stored
dry at 5–8 C until spring 2008. Only full seeds were used in the
test. The average dimensions of the samaras (mean ± standard
deviation) were 45.1 ± 5.5 mm (length) and 5.7 ± 0.9 mm (width).
The weights varied between 17 and 92 mg, with a mean of
49.3 ± 11.7 mg (N = 600).
Fig. 1. Measured number of swimming samaras (open circles) and ﬁtting function
(logistic growth function) ((a) for F. excelsior and (b) for F. pennsylvanica).
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trol), 2, 10 and 15 days of storage in water. Every variation of the
treatment was tested using three replications with 50 samaras (Ba-
skin and Baskin, 2001). The duration of storage in water was sim-
ilar to the mean ﬂood times (depending on the altitude) during the
vegetation period in the ﬂoodplain forest investigated (Klausnitzer
and Schmidt, 2002). For the purposes of storing the samaras in
water a basin was used for each treatment (diameter = 29 cm;
depth = 9 cm), ﬁlled with distilled water and kept at room temper-
ature. Distilled water was used to allow for comparability with
other studies. The samaras were placed on the surface of the water,
sinking over the course of the experiment.
The subsequent germination test followed the ISTA (Interna-
tional Seed Testing Association) guidelines (ISTA, 2005) for ash,
namely in a germination box on moist paper and in a germination
cabinet with alternating temperatures, 16 h at 20 C in darkness
and 8 h at 30 C in light. The same temperatures were used suc-
cessfully for germination tests on F. pennsylvanica by Steinbauer
(1937) and Bonner (1974). The germination test was terminated
after 20 days following the recommendation made by Baskin and
Baskin (2001, p. 19).
The data were analysed using Origin 8G and SPSS 11.5. Given
the sample size N = 12, the critical value D0.05 was used for veriﬁ-
cation (with N = 12: 0.375; Sachs, 1997). Signiﬁcant differences
were considered at the P < 0.05 level.
A non-linear regression analysis was performed in order to pre-
dict the number of germinated seeds as a function of the duration
of storage in water. In order to address data obtained for the differ-
ent variants over time, different ﬁtting models were compared
using the v2 minimisation ﬁtting routine in Origin 8G. The ﬁtting
was based on 200 iterations. The Boltzmann ﬁt was selected as
the best ﬁtting model on the basis of an evaluation of the good-
ness-of-ﬁt criteria (R2 and v2/df values). We used the sigmoidal
Boltzmann function with the form:





where y describes the number of germinated seeds, A1 is the start
number and A2 is the ﬁnal number (maximum number of germi-
nated seeds), t is the time in days, t0 is the time at which half of
the maximum number of seeds has germinated (inﬂection point
of the function) and dx describes the time constant.
2.5. Regeneration plants in different habitat types
Regeneration plants of F. pennsylvanica were analysed in sum-
mer 2007 in the Biosphere Reserve Mittlere Elbe in Saxony-Anhalt
(Germany). The reserve includes the Elbe River ﬂoodplain forests
which have a high dominance of this invasive species. The occur-
rences of more than one regeneration plant were mapped in three
forest parts where there was a main appearance of F. pennsylvanica.
The plants with a height >20 cm were determined by plots of 4 m2
(four squares of 1  1 m) and allocated four different habitat types:
forest (ﬂoodplain forest with closed canopy), forest edge (transi-
tion between forest and grassland or between forest and forest
track), ﬂoodway (depression with periodical or permanent ﬂood-
ing) and lane (travelled or untravelled forest tracks and their mar-
ginal strip). For all plants we measured the plant height.
3. Results
3.1. Buoyancy of the samaras
The buoyancy differed considerably between the two ash spe-
cies (Fig. 1 and Table 1). The ﬁrst F. excelsior samaras had alreadysunk to the bottom of the beaker after 2 h. After 9 h 80% of the
samaras still ﬂoated, whereas after 24 h it was only 10%.
By contrast, the ﬁrst sunken F. pennsylvanica samaras were only
observed after 24 h (90% still ﬂoated). After 3 days 18% of the sam-
aras were still ﬂoating. Upon termination of the buoyancy test after
one week some samaras of both F. excelsior and F. pennsylvanica
were still ﬂoating. No seeds of either of the examined species ger-
minated during the buoyancy test.
The number of sunken samaras plotted against time can reason-
ably be described for both tree species by a logistic function (Eq.
(1)) (R2 = 0.999, v2/df = 6.395 for F. excelsior and R2 = 0.999, v2/
df = 0.355 for F. pennsylvanica). From this function the half-value
period x0 was calculated. The outcome for F. excelsior was
12.6 ± 0.16 h (corresponding to 0.5 days) compared to
46.7 ± 0.16 h (corresponding to 1.9 days) for F. pennsylvanica.
Accordingly, F. pennsylvanica samaras are buoyant an average of
four times longer than those of F. excelsior.3.2. Dispersal distances associated with water and wind dispersal
Using the results of the buoyancy test it was possible to esti-
mate dispersal distances for hydrochorous dispersal. Distances
were calculated using the ﬁtting function (Eq. (1)) of the buoyancy
test and a virtual stream with a mean ﬂow velocity of 3.5 km/h
(Fig. 2). This ﬂow velocity is a typical low velocity ﬂow character-
istic of European streams. In this example, 50% of the F. excelsior
samaras were transported over 44 km. The corresponding distance
for F. pennsylvanica was 163 km, four times longer. Long distance
dispersal, in this case the distance 10% of the samaras can ﬂoat,
was 314 km for F. pennsylvanica compared to only 76 km for
F. excelsior.
Table 1
Number and proportion of swimming samaras over time of F. excelsior and F. pennsylvanica (mean values (MV) of eight replications with standard deviation (SD)).
0 h 0.08 h 1 h 2 h 4 h 6 h 9 h 24 h 72 h 1 week
Fraxinus excelsior
MV 100 100 100 99.5 97.75 94 79.9 9.5 3.5 3.25
SD 0 0 0 0.93 2.25 4.0 4.73 3.34 2.56 2.82
Fraxinus pennsylvanica
MV 100 100 100 100 100 100 100 90.25 18.25 0.5
SD 0 0 0 0 0 0 0 11.68 14.91 0.93
Fig. 2. Fitting function (logistic growth function) for dispersal distances of two ash
species of hydrochorous dispersal in a water stream with a mean ﬂow velocity of
3.5 km/h.
Fig. 3. Modelled distance kernels for wind dispersal for both tree species ((a) F.
excelsior and (b) F. pennsylvanica).
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simulation, most seeds are probably to be dispersed less than
100 m of the mother plant (Fig. 3) and the maximum dispersal dis-
tance was less than 250 m in both species (N = 10,000 trajectories).
3.3. Germination rate after storage in water
No F. pennsylvanica seeds germinated during the storage in
water. The mean germination rate of the seeds without storage
in water (control) amounted to 52.67% (SD 6.11). The germination
rate clearly increased with the length of the period of storage in
water (see Fig. 4, R2 = 0.82 (P < 0.01)).
To compare the timing of the onset of germination and the pro-
cess, the cumulative number of germinated seeds in the three vari-
ants corresponding to different durations of storage in water were
plotted against time (Fig. 5). The seeds in the control exhibited a
delayed onset of germination, which only began after 5 days. The
storage of seeds in water for 2 days accelerates the onset of germi-
nation by 2 days. Longer storage of the seeds in water effected only
a marginal acceleration of germination compared to the variant
involving 2 days storage in water. The maximum number of germi-
nated seeds was attained in every variant after 12 days.
The Boltzmann ﬁts for the germination response of the four vari-
ants over time revealed a high goodness-of-ﬁt (R2 = 0.99) (Fig. 5).
The parameters of the function are shown in Table 2. A longer dura-
tion of storage in water accelerated the germination process in the
three variants, expressed in a steeper slope of the ﬁtting curve. The
germination rate and the slopes of the curves of the four variants
can be ordered as follows: 15 days > 10 days > 2 days > control.
3.4. Establishment of regeneration in different habitat types
We determined regeneration plants in 42 plots. 40% (16) of all
plots are ﬂoodways and they include the most plant individuals(52%) (Fig. 6). 12 plots were allocated to the habitat type forest
(29%), but only 11% of plants individuals were counted there. The
density of plants in forest plots (mean = 1.7 plants/m2; SD = 2.3)
is signiﬁcantly lower than in the other plots (p < 0.001). The popu-
lation density in ﬂoodways amounts to 5.8 plants/m2. Plants of F.
pennsylvanica in forest plots also represent signiﬁcant lower
heights (mean = 41.0 cm; SD = 22.2) than the plants in the other
three habitats (p < 0.001). The mean height of the other habitat
types amounts to: lane 43.3 cm, ﬂoodway 51.2 cm, forest edge
55.3 cm.
Fig. 4. Germination rate (mean ± SD) of F. pennsylvanica seeds after a storage in
water of 2, 10, and 15 days, and without water storage (control) including three
replications each 50 seeds. The mean values of the germination rates amount for the
control 53%, for 2 days storage in water 62.00%, for 10 days 72.00% and for 15 days
78.00%.
Fig. 5. Number of germinated seeds for no (control) and three different variants of
storage in water (Boltzmann ﬁt, parameters see Table 2).
Fig. 6. Fraxinus pennsylvanica regeneration in four different habitat types and their
abundance.
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4.1. Hydrochorous dispersal
The buoyancy test conﬁrmed that the samaras of F. pennsylva-
nica and F. excelsior are buoyant and may be dispersed by water
over distances of several kilometres. Evidence of hydrochorous dis-
persal in F. pennsylvanica was demonstrated previously by Wilson
(1980), Schneider and Sharitz (1988) and Middleton (2000). In an
experimental approach Schaffrath (2001) showed that F. pennsyl-
vanica samaras can ﬂoat for between 2 and 10 days, a ﬁndingTable 2
Results of the Boltzmann ﬁt for the germination test. A1, A2, t0 and dx are parameters of the
scattering of experimental data points over a ﬁtting curve normalised by degree of freedo
A1 A2 t0
Control 0.37 ± 0.21 26.25 ± 0.19 7
2 days 0.13 ± 0.34 30.77 ± 0.16 4
10 days 0.61 ± 0.39 35.76 ± 0.16 3
15 days 17.27 ± 4.67 38.94 ± 0.08 1similar to the results presented here. By contrast, the samaras of
F. excelsior ﬂoat for shorter periods. Praeger (1913), for example,
observed three days. This is roughly in accordance with our results,
where the samaras sunk slightly faster.
The presence of ﬂowing water (rivers) or periodic ﬂowing water
(ﬂoods) gives rise to the possibility of secondary dispersal of seeds
by means of water (Horsch, 2001; Vogt et al., 2004; Säumel and Ko-
warik, 2010). It is necessary to mention, however, that under nat-
ural conditions buoyancy may be shorter than was observed under
laboratory conditions, as factors such as strong wave movements
and rain may reduce buoyancy (Merritt and Wohl, 2002). Results
of other studies show that seed buoyancy is not responsible for
plant distribution in ﬂoodplain ecosystems, species with low ﬂoat-
ing ability can also be transported over long distances (Danvind
and Nilsson, 1997; Andersson et al., 2000). Other factors of dis-
persal and establishment should be considered. Leyer and Pross
(2009) remark that dispersal processes seem to work effectively
only by the movements of ﬂoods and that these conditions can
compensate low seed buoyancies. Nevertheless, the enhanced
transport of samaras via water results in a greater chance of estab-
lishment (van den Broek et al., 2005).
The tests revealed considerable differences between the buoy-
ancy of the samaras of the native and those of the invasive ash spe-
cies. Accordingly, F. pennsylvanica has a higher potential for
hydrochorous dispersal but dispersal distances depend on the ﬂow
velocity of the water. By contrast, the wind dispersal distances for
both ash species according to our simulation are very similar and
amount to only a few hundred metres (in the simulations:
< 250 m). Comparable results for seed dispersal distances by wind
in a ﬂoodplain forest are shown by Schmiedel (2010) (LDD 150 m).
Dispersal by small mammals or birds is also possible (Crowder and
Harmsen, 1998). Large dispersal distances with these vectors are
expected but unpredictable (Nathan et al., 2008) and maximum
dispersal distances are highly stochastic (Soons et al., 2004).
From the results, we conclude that water dispersal is the most




.04 ± 0.11 1.21 ± 0.11 0.99 0.10
.99 ± 0.15 0.91 ± 0.06 0.99 0.10
.47 ± 0.04 0.85 ± 0.05 0.99 0.10
.24 ± 0.33 1.53 ± 0.10 0.99 0.02
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Similarly, the establishment of F. ornus in southern France is facil-
itated by hydrochory (Thébaud and Debussche, 1991). Populations
of this species may spread at a rate of 970 m per year. Kremer and
Cˇavlovic´ (2005) assumed that the spread of F. pennsylvanica in the
Danube ﬂoodplains in Croatia was mainly caused by hydrochorous
dispersal of samaras during ﬂooding. Schaffrath (2001) mentioned
that in the Oder ﬂoodplain (Brandenburg) regeneration of F. penn-
sylvanica can be observed along rivers (e.g., the River Oder, Oder-
Spree Canal) many kilometres away from seed trees. We assume
that this pattern can only be explained by hydrochory, because
the distances involved are too great for wind dispersal. The rapid
spread of F. pennsylvanica may, therefore, be expected in ﬂood-
plains (Schmiedel, 2010), as could also be shown by the results
of the studied regeneration plants in ﬂoodways. F. pennsylvanica
can grow in varied environments, but the establishment depends
on high light requirement in the seedling phase (Küßner, 2003).
Regeneration plants of F. pennsylvanica are very well adapted on
ﬂooding conditions (Hook and Brown, 1973; Walls et al., 2005).
4.2. Germination after storage in water
The test of the germination rate of F. pennsylvanica samaras
after different durations of storage in water provided an estimate
of the potential extent of seedling establishment after hydrochor-
ous seed dispersal. The results revealed a germination rate for
F. pennsylvanica in the control variant of about 53%. The onset of
germination was accelerated as a consequence of storage in water.
Walls et al. (2005) observed a delay of germination in an experi-
ment involving static and periodic ﬂooding in a pot. This demon-
strates the germination process of F. pennsylvanica under ﬂooding
conditions but not the germination capacity after hydrochorous
dispersal. A longer duration of storage in water elevated the germi-
nation rate in the present study. This statement is also in agree-
ment with DuBarry (1963), but in that study the germination
rate amounts to 30% after 30 days stratiﬁcation and after an addi-
tional 30 days storage in water 5 cm deep. The experiments by
Walls et al. (2005) revealed that ﬂooding resulted in no signiﬁcant
differences in the total germination rate (80% for all treatments).
Bonner (1974) documented a germination rate of approximately
70% over a period of 20 days for F. pennsylvanica seeds that had
been stratiﬁed but not stored in water. However, in our study, cor-
respondingly high germination rates were observed in the variants
involving only 10 and 15 days storage in water. Taylor (1972) ob-
served similar germination rates after the stratiﬁcation of F. penn-
sylvanica seeds, based on germination tests carried out under
greenhouse conditions, which produced mean germination rates
of around 60%. It is apparent that the germination rate in
F. pennsylvanica varies considerably because of different experi-
mental methods but that water has a considerable inﬂuence on
the germination success.
F. pennsylvanica is a tree species with a soft seed coat (nitrogen-
free extract > 28, DuBarry, 1963) and water is expected to have a
beneﬁcial impact on germination. Marshall (1981) tested different
possibilities to break the dormancy of F. pennsylvanica seeds, one of
which was found to be storage in water. Kennedy (1990) also iden-
tiﬁed storage in water as a dormancy breaker. The results obtained
in the study presented revealed a germination rate of 78% after
15 days storage. Caixia and Rongfu (1991) veriﬁed that the endo-
sperm and pericarp of F. pennsylvanica contain abscisic acid
(ABA). In a situation with sufﬁcient water supply, as demonstrated
by the storage of F. pennsylvanica seeds in water, the ABA content
declines. This is one possible reason for the rapid germination after
storage in water. Experiments to ascertain the ABA content of
seeds during storage in water failed. Sutherland et al. (2000) dem-
onstrated that F. pennsylvanica seeds require a moist seed bed. Thisexplains the better germination rate after storage in water and
highlights the clear dependency of seeds on water availability.
The germination rate of F. pennsylvanica after a period of storage
in water longer than the investigated 15 days is unknown.5. Conclusions
The dispersal of seeds by water can provide additional colonis-
ing opportunities for invasive species that are primarily wind dis-
persed. The results of the study demonstrated that the samaras of
F. pennsylvanica are buoyant and ﬂood tolerant over several days,
thereby facilitating hydrochorous dispersal over distances of sev-
eral kilometres. It can be shown that water as dormancy breaker
for the seeds of F. pennsylvanica in combination with hydrochorous
dispersal is responsible for a possible higher probability for range
expansion of this invasive species. By contrast, wind dispersal dis-
tances are considerably smaller in both F. pennsylvanica and in the
native ash species F. excelsior. From this, we conclude that in
ﬂooded areas water is the most important medium for the spread
of F. pennsylvanica over long distances. Accordingly, the species has
the potential to spread rapidly along rivers and so the further inva-
sion of ﬂoodplain forests by F. pennsylvanica must be anticipated.
It is necessary to analyse the establishment of seedlings in new
areas in order to assess the relative importance for the further
spread of the species of dispersal vs. recruitment ability (e.g., Oest-
er et al., 2009). Prevention management should focus on sites with
hydrochorous dispersal paths and high conservation values.Acknowledgements
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